The availability of relevant and useful animal models is critical for progress in the development of effective vaccines and therapeutics. The infection of rabbits and non-human primates with fully virulent Bacillus anthracis spores provides two excellent models of anthrax disease. However, the high cost of procuring and housing these animals and the specialized facilities required to deliver fully virulent spores limit their practical use in early stages of product development. Conversely, the small size and low cost associated with using mice makes this animal model more practical for conducting experiments in which large numbers of animals are required. In addition, the availability of knockout strains and well-characterized immunological reagents makes it possible to perform studies in mice that cannot be performed easily in other species. Although we, along with others, have used the mouse aerosol challenge model to examine the outcome of B. anthracis infection, a detailed characterization of the disease is lacking. The current study utilizes a murine aerosol challenge model to investigate disease progression, innate cytokine responses, and histological changes during the course of anthrax after challenge with aerosolized spores. Our results show that anthrax disease progression in a complement-deficient mouse after challenge with aerosolized Sterne spores is similar to that described for other species, including rabbits and non-human primates, challenged with fully virulent B. anthracis. Thus, the murine aerosol challenge model is both useful and relevant and provides a means to further investigate the host response and mechanisms of B. anthracis pathogenesis.
Bacillus anthracis, the etiological agent of anthrax, is a grampositive, aerobic, spore-forming, rod-shaped bacterium (25) . Dormant spores are highly resistant to adverse environmental conditions and are able to reestablish vegetative growth in the presence of favorable environmental conditions (30) . Fully virulent strains of B. anthracis harbor two large plasmids, pXO1 and pXO2, which carry the genes required for anthrax toxin production and capsule formation, respectively. The roles of these plasmid-encoded factors in pathogenesis have been extensively studied (for a review, see references10, 26, and 30). B. anthracis infection can occur through the skin, the gastrointestinal tract, or through the respiratory epithelium following inhalation of airborne spores and results in cutaneous, gastrointestinal, or inhalational anthrax, respectively (11, 24, 27, 43) . The inhalational form of anthrax is the most severe, often associated with rapid progression of disease and death (2, 12, 51) . Upon inhalation, anthrax spores reach the bronchioles and alveoli of the lung, where phagocytosis by pulmonary antigenpresenting cells (APCs), such as alveolar macrophages or dendritic cells occurs (4, 6, 16, 18, 38, 40) . Following spore uptake, pulmonary APCs are thought to transport B. anthracis to the regional lymph nodes. Spores germinate and multiply within the cell, eventually resulting in cell death by lysis (6, (16) (17) (18) 22) . Vegetative cells multiply within the mediastinal lymph node and gain entry into the bloodstream, resulting in the development of severe bacteremia (28, 38) . Disease progression leads to vascular injury with edema, hemorrhage, and thrombosis, ultimately resulting in the death of the host (5) .
The availability of relevant and useful animal models is critical for advances in our understanding of B. anthracis pathogenesis and for progress in the development of effective vaccines and therapeutics directed against B. anthracis. Although rabbits and non-human primates infected with fully virulent B. anthracis spores provide two excellent models of disease, the high cost of procuring and housing these animals, as well as the specialized facilities required to deliver fully virulent aerosolized spores, limits the practical use of these animals in basic research laboratories. The small size and low cost associated with mice makes the murine model more practical for conducting experiments in which large numbers of animals are required for challenge. In addition, the ability to manipulate the genetics of the challenge species (transgenic and knockout strains) and the availability of well-characterized immunological reagents make it possible to perform studies in mice that could not be easily performed in other species. Finally, the ability to use the attenuated, capsule-negative strain of anthrax in the mouse model greatly facilitates the ability of researchers in the anthrax field to use this animal model for their studies without the biocontainment concerns associated with fully virulent strains.
The lethality of nontoxigenic, encapsulated (pXO1 Ϫ pXO2 ϩ ) strains of anthrax in mice and the failure of protective antigen-based vaccines to protect mice after challenge with virulent strains of B. anthracis spores have led to the perception that the mouse model does not accurately reflect the disease observed in humans (47) . It is important to note that the lethality with pX02 ϩ strains has been clearly linked to the expression of capsule and can be avoided by using the capsule-negative Sterne strain (pX02 Ϫ ) (48) . Particular strains of mice, such as C57BL/6 and BALB/c, are resistant to challenge with nonencapsulated strains of B. anthracis; however, complementdeficient mice, such as A/J mice or cobra venom factor-treated C57BL/6 mice, are sensitive to aerosol challenge with nonencapsulated Sterne spores (20, 48) . In the current study, we have characterized the outcome of aerosol infection of A/J mice with spores prepared from B. anthracis strain 7702 (pX01 ϩ pX02 Ϫ ) and report that when complement-deficient mice are exposed to aerosolized spores of the capsule-negative Sterne strain, the resulting disease recapitulates the pathology observed in rabbits and non-human primates challenged with the fully virulent strain. We have used the model to begin to investigate the in vivo innate immune response after aerosol challenge with spores. Overall, our results indicate that the mouse aerosol challenge model is a useful and relevant model of B. anthracis infection that can be used to further elucidate the mechanisms of B. anthracis pathogenesis as well as provide a means in which to screen potential anthrax vaccines and therapeutics.
MATERIALS AND METHODS
Aerosol challenge of A/J mice. Male and female A/J mice were purchased from Jackson Laboratory (Bar Harbor, ME) and maintained at the Center for Biologics Evaluation and Research. Mice were challenged between 6 and 12 weeks of age, as previously described (34) . Briefly, mice were exposed to aerosolized spores for 90 min using a nose-only exposure system (CH Technologies, Westwood, NJ). Mice were supplied with fresh air for 10 min before and after the exposure to spores. The spore inoculum for each challenge, prepared from B. anthracis strain 7702, contained 15 ml of 5 ϫ 10 9 spores/ml in distilled H 2 0 with 0.01% Tween 80. Generation and purification of spores were carried out as previously described (8, 33) . Immediately following challenge four mice per challenge group were euthanized, and their lungs were homogenized, serially diluted, and plated to determine the average number of spores retained, reported as the number of CFU. Mice were retained for survival or euthanized at various times postchallenge for tissue collection. All mice were housed and maintained at the Center for Biologics Evaluation and Research animal facility under the approval of the Institutional Animal Care and Use Committee.
Bacterial dissemination. To measure bacterial dissemination, mice were euthanized at various times postchallenge, and the lungs, liver, spleen, and draining lymph nodes (hilal and mediastinal) were collected. Tissues were homogenized in phosphate-buffered saline, serially diluted, and plated on brain heart infusion agar to determine numbers of CFU. In order to distinguish between spores and bacilli, a fraction of each tissue homogenate was heat treated at 65°C for 30 min to kill any bacilli. Heat-treated and untreated samples were serially diluted and plated, and results were recorded as numbers of CFU. Each figure distinguishes between untreated and heat-treated samples for discerning the number of spores plus bacilli (untreated) versus the number spores alone (heat treated). The limits of detection were 250 CFU for lungs, liver, and spleen and 10 CFU for lymph nodes.
Histopathology. Mice were euthanized at the time points postinfection indicated in the figure legends, and the spleen, liver, heart, and lungs (inflated with formalin) were fixed in neutral buffered formalin. Tissue sections were routinely prepared and stained with hematoxylin and eosin at the Pennsylvania State University Animal Diagnostic Laboratory. Sections were examined by light microscopy by a veterinarian with training and experience in rodent pathology (M. J. Kennett). Representative sections were photographed using a Nikon Digital Camera DMX1200F.
Tissue harvesting for cytokine analysis. Lungs, liver, and lymph nodes were homogenized in a buffer (14) that contained 0.5% Triton X-100, 150 mM NaCl, 15 mM Tris, 1 mM CaCl 2 , and 1 mM MgCl 2 , pH 7.4. Protease inhibitors were added per the manufacturer's instructions (Complete EDTA-free; Roche Diagnostics, Indianapolis, IN). Tissues from three animals were routinely pooled to generate single samples in order to accommodate the small size of lymph nodes. Lungs and 300 mg of liver were homogenized in 2.5 ml of buffer using a Stomacher (Sewar, Inc., Thetford, Norfold, United Kingdom), and lymph nodes were homogenized in 300 l using a pellet pestle (Kontes Glass Co., Vineland, NJ). Samples were incubated at 4°C for 30 min after homogenization. Lung and liver supernatants were passed over a 40-m-pore-size filter (BD Biosciences, Bedford, MA). Lymph node samples were centrifuged at 10,000 ϫ g for 10 min at 4°C, and the supernatant was collected. All samples were stored at Ϫ80°C for later assessment of cytokine levels.
Cytokine analysis. Lung, liver, and lymph node homogenates were thawed on ice and centrifuged at 300 ϫ g for 5 min to pellet any cellular debris. Tumor necrosis factor alpha (TNF-␣) cytokine levels were determined using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (Biosource, Carlsbad, CA) according to the manufacturer's recommendations. A student's t test was used for statistical analysis, and P values of Ͻ0.05 are indicated.
RESULTS
Aerosol challenge of mice. A number of murine challenge models of anthrax have been described that utilize different routes of administration of B. anthracis spores. These include intraperitoneal injection, subcutaneous injection, intranasal instillation (i.n.), and intratracheal instillation (i.t.). For the study of inhalational anthrax, the model that best recapitulates the natural route of infection is the aerosol challenge model. Although the mouse aerosol challenge model has been used to examine the outcome of B. anthracis infections, a detailed characterization of the infection in mice after challenge with aerosolized B. anthracis spores is lacking. To determine the 50% lethal dose (LD 50 ) of B. anthracis strain 7702 spores delivered to A/J mice by the aerosol route, groups of 10 mice were challenged with retained doses between 1 ϫ 10 3 and 1 ϫ 10 6 spores per mouse, and the LD 50 was calculated by the method of Reed and Muench (36) . In three independent experiments, LD 50 challenges, the mean time to death across all three challenges was 4.7 Ϯ 1.6 days (Fig. 1A) . Although the majority of deaths occurred on days 4, 5, and 6, death occurred as early as day 2 and as late as day 8. Death before day 2 or after day 10 was never observed. Mice remained asymptomatic until approximately 12 to 24 h prior to death, at which time, symptoms such as piloerection; edematous swelling of the chest, neck, or head; hind-limb paralysis; and lethargy became apparent. Dissemination of infection. In order to characterize the dissemination of infection following aerosol exposure of A/J mice to B. anthracis strain 7702 spores, groups of mice were challenged at a level which achieved pulmonary retained doses of 2 ϫ 10 6 to 4 ϫ 10 6 spores. On days 1, 3, and 5 postchallenge, mice were sacrificed, and the numbers of CFU in lungs, draining lymph nodes, spleen, and liver were determined. Dissemination was assessed by scoring individual tissue samples from each challenged animal for the presence of B. anthracis, without regard to the number of CFU per tissue. As expected, 100% of challenged mice were positive for B. anthracis in the lungs on all days examined (Fig. 1B) . As early as day 1 postchallenge, CFU were detected in the draining lymph nodes of 70% of mice and in the livers of nearly 60% of mice. Interestingly, only 21% of spleens from mice euthanized day 1 postchallenge were positive for CFU (Fig. 1B) . The values reported for days 3 and 5 postchallenge were slightly higher for each tissue, but the overall pattern remained the same. These results demonstrate that following aerosol challenge of A/J mice with Sterne strain spores, dissemination to distal organs can occur as early as 1 day after challenge. Significantly, regardless of the day postchallenge, some percentage of mice was observed with no signs of disseminated disease.
We next analyzed the same set of data and considered the number of CFU per tissue ( Fig. 2 and 3 ). As expected, the number of CFU in the lungs of challenged mice 1 day postchallenge (ϳ2.75 ϫ 10 6 spores) was within the initially targeted retained dose of 2 ϫ 10 6 to 4 ϫ 10 6 spores per mouse. The CFU values in the lungs on day 3 were similar to the value observed on day 1 (3 ϫ 10 6 ) with a slight decrease observed at day 5 (1.3 ϫ 10 6 ). To determine whether or not spores germinated in the lung, a fraction of each lung homogenate was heat treated to kill any vegetative cells prior to plating. Germination gives rise to heat-sensitive vegetative cells and would be indicated by reduced numbers of CFU in heat-treated samples relative to untreated samples. On days 1, 3, and 5 no significant differences were observed between the lung CFU values in heat-treated relative to the untreated homogenates (Fig. 2) , which indicates a lack of germination in the lungs of infected mice at early time points postchallenge. Histological examination of the lungs 5 days after spore challenge showed minimal inflammatory responses and a lack of bacilli in lung tissue (Fig. 4) , which is in accordance with the results from lung CFU (Fig. 2) .
In order to determine if germination in the lungs occurred at later times after infection, we retained any mice that survived aerosol challenge beyond day 10. By alternatively distributing the rare survivors from a large number of challenges into two groups, we were able to accumulate a large sample of mice in each group (n ϭ 18). The mice in one group were sacrificed on day 15 postchallenge (n ϭ 9), and the mice in the second group were sacrificed on day 25 postchallenge (n ϭ 9). There was no difference in the numbers of CFU in the untreated and heattreated lung homogenates, even 15 and 25 days postchallenge (Fig. 2) , indicating the presence of spores but not vegetative bacilli. Although the number of spores in the lungs decreased over time, these results indicate that most, if not all, of the spores in the lung remain dormant.
Unlike the lung, differences were observed in CFU counts after heat treatment of lymph node, liver, and spleen homogenates, which indicates the presence of vegetative bacilli in these tissues (Fig. 3) . Although CFU could be detected in the lymph nodes, liver, and spleen of infected animals by day 1 postchallenge, the CFU values in these tissues were low compared to the lung. Interestingly, the lymph nodes contained a mix of heat-sensitive and -insensitive CFU, indicating the likelihood that lymph nodes contain both spores and vegetative bacilli (Fig. 3B) . However, CFU counts in the liver and spleen were sensitive to heat treatment at all days examined, indicating the presence of vegetative bacilli but not spores (Fig. 3A) . On days 3 and 5 postchallenge a wide range of CFU values for the liver and spleen were measured, ranging from animals with 2.5 ϫ 10 2 CFU to 5 ϫ 10 5 CFU, and we hypothesized that this was due to differences in timing of dissemination from the lung between mice. This would explain differences in time to death of animals and the observation that even in challenges with 100% mortality there were some mice without CFU in distal organs on each day examined. In addition, it would explain the variability in CFU counts in the livers and spleens, as animals with no CFU in distal organs were probably animals in which dissemination from the lung had not yet occurred. Distal organs that were only recently seeded would have low CFU values, and organs with high CFU counts were likely animals whose organs had been seeded earlier, thereby permitting a longer period of bacterial replication. If this hypothesis were correct, one would predict that all animals at late stages of disease would have high CFU values in the liver and spleen. To test this possibility, a large number of mice were challenged, and regardless of the day postchallenge, only moribund animals were sacrificed. The numbers of CFU in the lungs, lymph nodes, liver, and spleen were determined as well as the percentage of animals CFU positive in each of these tissues (Fig.  5) . As predicted, all moribund animals had high CFU counts in all tissues examined. In addition, lungs of moribund animals likely contained both spores and vegetative bacilli, as heat treatment of lung homogenates from moribund animals resulted in a decrease in CFU values (Fig. 5A) .
Histopathology of moribund mice. To compare pathological changes observed in mice to other animal models of inhala- on October 31, 2017 by guest http://iai.asm.org/ tional anthrax, groups of mice were challenged, and the lungs, heart, liver, and spleen were collected from five moribund mice, regardless of the day postchallenge (Fig. 6) . In heart tissue, four out of five mice had large clusters of bacilli in the myocardium with mild lymphocytic to no inflammatory response. Splenic lesions ranged from lymphocyte depletion (apoptosis) to areas of hemorrhage. One mouse exhibited widespread necrotizing splenitis with numerous bacterial colonies. In liver tissue, three of five mice had numerous bacteria in liver vessels and sinusoids, while two mice had mild hemorrhages with no bacteria observed, although one animal did have a localized area of necrosis. Lung lesions ranged from none (two of five mice) to bacterial colonies with little inflammatory response (two of five mice) to an animal with extensive hemorrhage, consolidation and necrosis, and numerous bacterial colonies. As a group, three out of five mice had bacterial colonies present in three to four of the tissue types examined; one mouse had a colony in the myocardium, while one mouse showed no visible bacterial colonies in any of the tissues examined. In vivo cytokine response to B. anthracis after aerosol challenge. Various studies have examined the production of cytokines after in vitro stimulation of primary cells with B. anthracis, but few reports are available on the cytokine response in vivo after challenge. In order to begin to examine the in vivo cytokine response to inhalational anthrax, homogenates of lungs, lymph nodes, and livers were collected on days 1 and 3 postchallenge and assayed for TNF-␣ levels. Although all tissues examined showed a significant increase in the amount TNF-␣ compared to sham-treated animals, the relative increase was significantly different among the three tissue types (Fig. 7) . On either day examined, the increase in TNF-␣ in the lungs was approximately 1.5 times higher than in uninfected animals. The differences in the liver were slightly higher, with an average threefold increase in TNF-␣ levels after challenge. Interestingly, the lymph nodes showed the greatest increase in TNF-␣ levels on day 1 after challenge with more than a sevenfold increase in TNF-␣ levels over sham-treated mice; however, by day 3 this value had decreased, with an approximate threefold increase in TNF-␣ levels. It is difficult to compare concentrations across the three tissues because each contained a different amount of tissue by weight. Nevertheless, the relative increase over sham-treated animals shows a robust response in the lymph nodes within 1 day of challenge. It was difficult to obtain enough animals to examine levels beyond day 3 postchallenge because of the high mortality rate associated with disease and the large number of animals required to pool lymph node samples.
DISCUSSION
Animal models of human disease play an important role in providing insight to the mechanisms of pathogenic disease. Mice provide a very useful model for studying pulmonary B. anthracis pathogenesis because they are relatively inexpensive and easy to maintain and handle. In addition, mice are valuable for studying mechanisms of host defense during infection because of the availability of immunological reagents and knockout strains. For studying B. anthracis pathogenesis in mice, it is critical to use a nonencapsulated strain of anthrax because previous research indicates that capsule expression is lethal in mice (21, 46, 50) . To circumvent capsule-associated lethality in mice, pX02
Ϫ strains of B. anthracis have been used, but these nonencapsulated strains are attenuated in many strains of mice (49) . Complement-deficient mice, such as A/J mice or cobra venom factor-treated C57BL/6 mice, are sensitive to challenge with B. anthracis, regardless of capsule expression (20, 48) . The current study outlines the course of inhalational B. anthracis disease in A/J mice after exposure to aerosolized Sterne spores, and data indicate that the dissemination and outcome of disease as well as the pathological changes in various organs are similar to other animal models (non-human primates and rabbits) challenged with fully virulent spores. Thus, using complement-deficient mice with a nonencapsulated strain of B. anthracis allows for investigating disease pathogenesis without using fully virulent bacterial strains (pXO1 ϩ pXO2 ϩ ). This makes the murine model used in the current study valuable because disease progression is similar to the progression that FIG. 5 . Bacilli and spore load in lungs and distal organs of moribund mice after aerosol challenge with B. anthracis. Groups of A/J mice were exposed to aerosols of spores with an average pulmonary retained dose of 3 ϫ 10 6 spores per mouse. Upon daily examination, regardless of the day postchallenge, any mouse that appeared moribund (i.e., ruffled fur, hunched over, or shallow breathing) was euthanized and the numbers of CFU in the lung, liver, and spleen (A) and the percentages of moribund mice CFU positive in lung, lymph node (LN), liver, and spleen (B) were determined. To determine CFU resulting from spores or spores plus bacilli (germination gives rise to heat-sensitive bacilli), a fraction of each homogenate was heat treated (HT) prior to diluting and plating. Untreated (UnT) CFU values are for spores and bacilli whereas HT CFU values are for spores only.
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MURINE MODEL OF ANTHRAX 2693 has been described in other animal models, and the need for high-containment facilities and use of a select agent are eliminated. Inhalational anthrax is the most deadly form of the disease, resulting in a high mortality rate after exposure. Although other methods of spore inoculation have been used for studying inhalational B. anthracis pathogenesis, including i.n. and i.t. instillation, the current study used exposure to aerosols for anthrax infection. The aerosol exposure method is preferable to other methods of pulmonary introduction because exposure to aerosols results in a uniform distribution of inhaled particles throughout the lung, whereas i.t. or i.n. inoculation results in a nonuniform distribution (1, 3, 19, 35, 41) . The dispersal of B. anthracis spores in the lungs after challenge by the various routes of pulmonary exposure may impact disease progression because it can affect the ability of the macrophage to control bacilli outgrowth. Alveolar macrophages are the primary cell to phagocytose B. anthracis spores during pulmonary infection, and once the spore germinates inside the cell, the macrophage can kill vegetative cells (23) and control disease progression. As macrophage uptake is affected by the route of administration (7) and the number of spores engulfed by a single alveolar macrophage has a significant effect on bacilli replication and macrophage survival (39) , selecting the appropriate mechanism of spore administration used for the study of inhalational B. anthracis pathogenesis is important. Following aerosol delivery, spores are dispersed evenly throughout the lung, and a large number of macrophages are involved in controlling infection by engulfing spores and killing vegetative bacilli. However, an identical inoculum delivered by a method resulting in the nonuniform dispersal of spores (e.g., i.t. or i.n.) throughout the lung may alter disease progression because the number of spores engulfed by individual macrophages would be greater, and the probability of bacteria overcoming macrophage de- fenses would be higher (39) . Different pulmonary administration routes (i.t and i.n. versus aerosol exposure) can vary the course or kinetics of the host response, subsequently altering disease pathogenesis (31, 32, 42) . As pulmonary anthrax after exposure to spore aerosols is the most likely route of infection to be used in any future biowarfare or bioterrorist attack, the aerosol delivery system is preferred for modeling inhalational anthrax and studying host pathogen interactions.
In order to compare the pathology observed in other animal models of inhalational B. anthracis to that of mice in the current study, five moribund mice challenged with Sterne spores were sacrificed, and hematoxylin-and eosin-stained sections of the lungs, liver, spleen, and heart were examined microscopically. The observations made from moribund mice were compared to previous reports detailing pathology in rabbits (51), rhesus monkeys (12), and cynomolgus macaques (44).
In mice, bacteria were generally present in one or more organs, with the heart, liver, and lungs being more frequently colonized than the spleen. In most instances bacteria were observed within blood vessels with little to no inflammatory response, suggesting fulminate bacteremia. Although inhalation anthrax symptoms in humans frequently include pneumonia with pleural effusions and hemorrhagic mediastinitis, pneumonia is less common in several animal models, specifically, in rabbits and macaques, which have previously been established as viable inhalation anthrax models (44, 51) . The lower incidence of pneumonia in these animal models may be due to the relative absence of preexisting lung conditions in laboratory animals (versus humans), as was suggested previously by Zaucha et al., and may extend to laboratory mice in particular, due to the use of healthy mice with typically pristine lungs (51) .
In our study, two out of five mice exposed to aerosolized B. anthracis exhibited clusters of bacteria within pulmonary blood vessels in the absence of an inflammatory response. Pulmonary hemorrhages were observed in two mice, with occasional attenuation of airway epithelium. One mouse presented with extensive pulmonary lesions which were primarily regions of hemorrhage with necrosis and consolidation. Similar findings were noted in an inhalation anthrax model using cynomolgus macaques, as 100% of non-human primate lung sections showed hemorrhages (44) . Vegetative B. anthracis bacilli were apparent in 79% of lungs, while congestion (64%), edema (50%), and inflammation (29%) were also noted in many of the affected macaques. In a rhesus monkey model of inhalation anthrax, 15% of infected animals showed anthrax-related pneumonia with mild neutrophilic infiltrates and bacilli in the alveoli. Alveolar hemorrhages were observed in 31% of monkeys (12) . Bacterial loads in the lungs of moribund mice varied, with most animals exhibiting changes in lung CFU values with heat treatment, indicating the presence of vegetative bacilli in the lungs of most of these animals. Interestingly, although the total number of CFU in the lungs of moribund mice was high, the number of heat-resistant CFU (spores) was not reduced relative to day 1 ( Fig. 2 and 5 ). This observation suggests that the increase in the lung CFU counts in moribund mice is due to the presence of vegetative bacilli in the pulmonary vasculature. This finding is consistent with histological changes in the lungs, as bacilli were present in the vessels of most moribund mice. As it is difficult to determine the time at which bacteremia occurs, some mice may exhibit signs of death early after bacterial dissemination, whereas others may not become moribund until the systemic bacterial load is extremely high (10 8 CFU) and the pathology more severe. Mice typically exhibit moribund symptoms for up to 12 h, and the length of time animals displayed these symptoms before being identified and euthanized for tissue collection were likely different. This may help to explain pathological differences observed between moribund mice.
The liver histopathology observed in cynomolgus macaques challenged with fully virulent anthrax were similar to those seen in mice in this study, with 71% of macaques and 60% (3/5) of mice exhibiting bacteria in hepatic sinusoids and with 30% of the macaques and 20% (1/5) of the mice displaying hepatic necrosis. However, acute inflammation (leukocytosis) was apparent in nearly all cynomolgus monkey livers, which was not observed in the mice. Interestingly, the most common hepatic FIG. 7 . TNF-␣ levels in lungs, lymph nodes, and livers of mice after aerosol challenge with B. anthracis Sterne spores. Groups of A/J mice were exposed to aerosols of spores with an average pulmonary retained dose of 3 ϫ 10 6 spores per mouse. Tissue homogenates were collected at days 1 or 3 postchallenge and assayed for TNF-␣ by enzyme-linked immunosorbent assay. Lungs, lymph nodes, and livers from challenged (filled bars) or control mice (open bars) were pooled for each data point (n), and the graph shows mean Ϯ standard error of the mean for n ϭ 5 on day 1 and n ϭ 3 on day 3. A Student's t test was used for statistical analysis, and P values of Ͻ0.05 are indicated by an asterisk.
MURINE MODEL OF ANTHRAX 2695 finding in the rhesus model was Ito cell hypertrophy (6 of 13 monkeys), which has not been reported in any other animal model, nor was it noted in our mice.
Other hepatic findings in rhesus macaques were foci of hepatocellular degeneration and necrosis in 23% of monkeys (3/13), which was similar to findings reported in other animal models, and acute hepatitis, which was present in 23% of rhesus monkeys. Focal hepatic necrosis was present in one out of five moribund mice in the current study. Specific hepatic findings were not reported in the rabbit model (51) . The differences between the hepatic findings observed in mice in the current study and other animal models may be due to the sensitivity of A/J mice to anthrax infection, as these mice do not survive long enough to mount a strong, inflammatory immune response. Though TNF-␣ levels were elevated in the liver early after infection, the levels were only twofold higher than in uninfected animals. In addition, the bacterial loads in the livers of moribund mice were substantially higher than loads in mice on days 1 and 3 after challenge, in which TNF-␣ levels were measured. Taken together, early bacterial loads in the liver of mice may not induce a robust proinflammatory cytokine response that results in the infiltration of inflammatory cells, which likely explains the differences in acute inflammation and hepatic pathology observed in other animal models.
The splenic lesions in our mice most commonly exhibited lymphocytic depletion that was often accompanied by necrosis and occasional hemorrhage. In the rabbit model of B. anthracis infection, all of the rabbits exhibited an acute fibrinous splenitis (51) . Rhesus monkeys showed lymphoid depletion, histiocytosis, hemorrhage, or acute splenitis with or without necrosis (12) while the spleens of cynomolgus macaques had suppurative inflammation and fibrin (44) . Through the first 5 days of infection in mice, on average, less than 40% of challenged mice had CFU in the spleen, and those that were culture positive had relatively low CFU counts (5.1 ϫ 10 4 ). However, nearly all moribund mice had approximately 10 6 CFU in the spleen, indicating bacterial dissemination at the end stages of disease. The large bacterial burden in the spleen of moribund mice is likely accompanied by large toxin production by the bacteria, which may result in lymphoid depletion.
Two rhesus monkeys exhibited extensive foci of hemorrhage in the myocardium (15%), and acute myocarditis was found in one of the monkeys (12) . Cynomolgus monkeys showed myocardial hemorrhages (29%) and inflammation (29%) (44) . In our mouse model, four out of five mice (80%) had bacteria present in the vessels or myocardium with little to no inflammatory response. Histopathological findings were not specifically reported for the heart in the rabbit model although the authors noted that bacilli were observed within the vasculature of nearly all tissues examined (51) .
Similarities in disease progression and lesions in mice challenged with aerosolized Sterne spores compared to rabbit and cynomolgus or rhesus macaques challenged with fully virulent spores suggest that the mouse is a valuable model of inhalation anthrax. Using an aerosol challenge will allow for characterization of immune responses in the lungs and lymph nodes of infected animals that is most relevant to inhalational anthrax. Dissemination of B. anthracis after inhalation of spores is suggested to occur after spores are phagocytosed by APCs in the lung and transported to the draining lymph nodes (15, 29, 38) . During this time, germination and vegetative outgrowth occur in the cell. Data from the current study concur with previous findings and show that spores do not germinate in the lung, but spores and vegetative bacilli can be found in the draining lymph nodes within a day of infection. In addition, even 5 days after challenge, minimal pathology in the lung was observed. Only when bacteria have disseminated throughout the body and vegetative bacilli return to the lungs, as seen in moribund mice, are histological changes observed in the lungs. Together, these data indicate that the lungs serve as a mucosal port of entry, but the germination and outgrowth of spores in the pulmonary draining lymph nodes are likely the primary sites of activation of the host immune response after pathogen recognition.
The utility and application of the described murine aerosol challenge model was used to investigate in vivo cytokine responses after inhalation of spores. TNF-␣ is a potent proinflammatory cytokine produced after host recognition of invading microbes by innate Toll-like receptors. Although TNF-␣ is primarily produced by macrophages, it can also be secreted by lymphoid and endothelial cells. TNF-␣ stimulates endothelial cells to produce proteins that alter vascular permeability in an attempt to control microbial spread into the bloodstream. In addition, TNF-␣ can stimulate the maturation and subsequent migration of dendritic cells to the draining lymph nodes. TNF-␣ has a role in controlling intracellular and extracellular microbial pathogens, as TNF-knockout mice exhibit heightened sensitivity after challenge with Mycobacterium tuberculosis (9) , Listeria monocytogenes (45), or Leishmania (37). Following inhalational B. anthracis challenge, the draining lymph nodes showed a marked increase in TNF-␣ 1 day after challenge; however, these levels decreased by day 3. TNF-␣ may play a role in inducing the migration of infected APCs to the draining lymph nodes early after challenge. It has previously been shown that murine macrophages infected with B. anthracis spores produce TNF-␣ (34). However, as the bacteria replicate and begin producing toxins, the toxins may block TNF-␣ production by blocking mitogen-activated protein kinase kinase signaling (13) . These data, in conjunction with data that show the presence of both spores and vegetative bacilli in the lymph nodes of challenged animals, suggest that lymph node TNF-␣ levels decrease at nearly the same time bacterial burdens in distal organs (liver and spleen) increase. Normally, TNF-␣ is involved in controlling disease progression, and B. anthracis toxins may block proinflammatory cytokine production in the lymph nodes which allows for bacterial dissemination (13) . Further studies are warranted to investigate TNF-␣ levels in moribund mice, as well as levels of other proinflammatory cytokines, such as interleukin-1 and interleukin-6, which have shown to be increased in primary cells infected with spores (33, 34) .
This report summarizes the course of inhalational anthrax disease in mice after aerosol exposure and demonstrates that the murine aerosol challenge model is both relevant and useful for the study of B. anthracis pathogenesis. The course of anthrax disease in complement-deficient mice (A/J) challenged with aerosolized Sterne spores (pX01 ϩ pX02 Ϫ ) is similar to that observed in other animal species (rabbits, guinea pigs, and non-human primates) challenged with fully virulent B. anthracis, as bacterial dissemination and pathological changes observed in mice were similar in comparison. We were able to use the aerosol challenge model to show changes in TNF-␣ levels in lungs, liver, and lymph nodes during the early stages of disease. This challenge model will be valuable in understanding inhalational B. anthracis pathogenesis and identifying components of the host immune system required for bacterial clearance and survival after aerosol infection. In addition, it can serve as a model for screening a new generation of vaccines and postexposure therapeutics.
